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Gout is a common disease which mostly occurs after middle age, but more people nowadays develop it before 
the age of thirty. We investigated whether common dysfunction of ABCG2, a high-capacity urate 
transporter which regulates serum uric acid levels, causes early-onset gout. 705 Japanese male gout cases 
with onset age data and 1,887 male controls were genotyped, and the ABCG2 functions which are estimated 
by its genotype combination were determined. The onset age was 6.5 years earlier with severe ABCG2 
dysfunction than with normal ABCG2 function (P — 6.14 X 10~ 3 ). Patients with mild to severe ABCG2 
dysfunction accounted for 88.2% of early-onset cases (twenties or younger). Severe ABCG2 dysfunction 
particularly increased the risk of early-onset gout (odds ratio 22.2, P — 4.66 X 10~ 6 ). Our finding that 
common dysfunction of ABCG2 is a major cause of early-onset gout will serve to improve earlier prevention 
and therapy for high-risk individuals. 

Gout is a common disease which causes acute arthritis as a consequence of hyperuricemia 1 . Gout and 
hyperuricemia are reportedly associated with other common diseases', such as hypertension 2,3 , coronary 
artery diseases 4 , cerebrovascular diseases 5 , and kidney diseases 6 . Although gout mostly occurs after 
middle age 7 , the number of patients experiencing its onset at a younger age is now increasing 8,9 . While gout with 
an earlier onset has a heritable component 10 , its common genetic causes are still unclear. 

ATP -binding cassette (ABC) transporter, subfamily G, member 2 gene ABCG2/BCRP locates in a gout- 
susceptible locus (MIM 138900) on chromosome 4q u , which was earlier demonstrated by a genome-wide linkage 
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Table 1 | ABCG2 functions 
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Genotype Combination 




Number {%) 


Estimated Function 


Ql 26X* (rs/255271 3) 


Q141 K* (rs2231 1 42) 


Gout 


Control 


£l /4 function 


T/T 


C/C 


37 (5.2) 


22 (1.2) 




T/C 


C/A 






1 /2 function 


T/C 


C/C 


1 AO 10 A Ci\ 


Z\Y [ \ 1 .OJ 




C/C 


A/A 






3/4 function 


c/c 


C/A 


331 (47.0) 


699 (37.0) 


Full function 


C/C 


C/C 


168 (23.8) 


947 (50.2) 


Total 






705 (100.0) 


1,887(100.0) 


'Risk alleles (T for Ql 26X, A for Q141 K) are indicated in bold type at four 


locations, respectively. 







study of gout 11 . Genome-wide association studies (GWAS) of serum 
uric acid (SUA) also identified several transporter genes including 
ABCG2 12 ' 1 *. Recently, Woodward et al.' 5 and the present authors 16 
independently showed that ABCG2 regulates SUA as a urate trans- 
porter, which mediates urate excretion. We also showed that geno- 
typing of only two dysfunctional variants, Q126X (rs72552713) and 
Q141K (rs2231142), is sufficient to estimate the severity of ABCG2 
dysfunction; i.e. full function, 3/4 function (mild dysfunction), 1/2 
function (moderate dysfunction), and £ 1/4 function (severe dys- 
function). This dysfunction increases gout risk markedly, conferring 
an OR of more than 3.0 16 . Furthermore, our human genetic analysis 
and animal model studies demonstrated that ABCG2 dysfunction 
plays an important role in the pathogenesis of hyperuricemia 17 . 
Because the dysfunctional ABCG2 genotype combinations are very 
common in gout/hyperuricemia patients 15,16,18,19 , ABCG2 dysfunc- 
tion is a possible major cause of early-onset gout. In this study, we 
investigated the estimated ABCG2 function in 705 gout cases with 
onset age data and 1,887 controls to determine whether or not com- 
mon dysfunction of ABCG2 causes early-onset gout. 

Results 

Onset age and ABCG2 function. Table 1 shows the genotype and 
estimated function of ABCG2 in 2,592 male Japanese (705 gout cases 
and 1,887 controls). Among them, in 705 gout cases, the less activity 
the ABCG2 function showed the younger the onset age of gout 
became (Fig. 1). The onset age of patients with severe ABCG2 
dysfunction (£ 1/4 function) was 6.5 years younger than those 
with full function. Cox regression analysis also showed that 
ABCG2 dysfunction significantly hastened the onset age (P = 6.14 
X 10" 3 ). 



Association analysis of gout. The logistic regression analysis of 
ABCG2 dysfunction demonstrated the increased risk of gout in 
each dysfunctional group with 705 cases and 1,887 controls. The 
odds ratio (OR) was 2.74 (95% CI 2.21-3.39; P = 3.98 X 10~ 2 °) 
with mild dysfunction (3/4 function), and was markedly increased 
to 9.98 (95% CI 5.63-17.7; P = 3.62 X 10~ 15 ) with severe dysfunction 
(< 1/4 function) (Fig. 2). 

The subsequent logistic regression analysis was performed to 
evaluate the association between ABCG2 dysfunction and early- 
onset gout (twenties or younger), as ABCG2 dysfunction accounted 
for as much as 88.2% of the early-onset gout cases. Compared with 
full function, severe ABCG2 dysfunction especially increased the risk 
of early-onset gout, conferring an adjusted OR of 22.2 (95% CI 5.89- 
83.7; P = 4.66 X 10~ 6 ). In addition, moderate and mild dysfunction 
of ABCG2 markedly increased the risk of early-onset gout, confer- 
ring an adjusted OR of 15.3 (95% CI 7.53-30.9; P = 4.08 X 10~ 14 ) and 
6.47 (95% CI 3.31-12.7; P = 4.89 X lO" 8 ), respectively (Supple- 
mentary Fig. SI). In fact, any dysfunction of ABCG2 significantly 
increased the risk of gout in all onset-age groups (Fig. 2). 

Discussion 

Our findings make it clear for the first time that any ABCG2 dys- 
function causes early-onset gout. Dysfunctional ABCG2 accounts for 
approximately 90% of early-onset gout patients and accelerated early 
onset significantly in the present study. Moreover, the risk of early- 
onset gout is markedly increased by severe ABCG2 dysfunction, 
conferring an adjusted OR of 22.2. Thus, ABCG2 dysfunction is 
indeed a major cause of early-onset gout. To our knowledge, this is 
the first report on a common genetic cause of an early-onset gout that 
occurs in the twenties or earlier. 



T 44 




Full function 



3/4 function 



1/2 function 



< 1/4 function 



ABCG2 function 



Figure 1 | Onset age of gout for each ABCG2 function. The onset age of cases with 1/4 function or less was 38.2 years old, whereas that with full function 
was 44.7 years old, a difference of 6.5 years. All bars show mean ± s.e.m. 
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Figure 2 | Odds ratios for ABCG2 dysfunctions among gout patients in 
each onset age group. Shown are the odds ratios (ORs) on a log 10 scale of 
the gout risks for each onset age group and ABCG2 dysfunction. ORs and 
95% confidence intervals (CIs) for each ABCG2 dysfunction were obtained 
by comparing with full function and adjusted for body mass index with 
logistic regression analysis. Circles and diamonds with horizontal lines 
indicate ORs with 95% CIs of each onset age groups. All ABCG2 
dysfunction levels significantly increased the risk of gout (OR > 2.38) in all 
onset-age groups. Severe ABCG2 dysfunction especially increased the risk 
of early-onset gout, conferring an adjusted OR of 22.2. 

Generally, SUA levels in humans are higher than in most other 
mammals including mice, because humans lack the uric acid-degrad- 
ing enzyme uricase 20 . Most uric acid mobilization is mediated by 
urate transporters in human kidneys. Therefore, human genetic 
studies have an advantage over rodent models in analyzing the urate 
transporters in humans. Indeed, in addition to ABCG2, our human 
genetic studies demonstrated that a urate transporter 1 (URAT1/ 
SLC22A12) encodes renal urate reabsorption transporter and that 
its loss-of-function mutant causes renal hypouricemia type 1 
(MIM 220 150) 21 . After GWAS identified an association between 
SUA and glucose transporter 9 (GLUT9/SLC2A9) gene 22 , we also 
demonstrated that GLUT9 encodes another renal urate reabsorption 
transporter and is a causative gene for renal hypouricemia type 2 
(MIM 612076) 23 . 

Recent genetic studies also revealed that various genes have asso- 
ciations with common diseases, such as coronary artery diseases 24 " 26 , 
stroke 27 , diabetes mellitus 26,28 , and Alzheimer's disease 29 . The ORs to 
assess the risk of onset in these studies were, however, likely to fall in 
the 1.2 to 1.3 range or lower 30 . To date, there have been few genes to 
explain major genetic causes of common diseases. The same holds 
true for early-onset common diseases 31,32 . In the case of early-onset 
gout, the genetic causes have not been identified except for very rare 
Mendelian disorders 33 such as hypoxanthine guanine phosphoribo- 
syltransferase (HPRT) deficiency including Lesch-Nyhan syndrome 



(MIM 300322) 34 , phosphoribosylpyrophosphate synthetase (PRPS) 
superactivity (MIM 300661) 35 , and familial juvenile hyperuricemic 
nephropathy (FJHN [MIM 162000]) 36 ' 37 . 

In the present study, Cox regression analysis of 705 gout patients 
revealed that ABCG2 dysfunction significantly decreases onset age 
(P = 6.14 X 10~ 3 ). The onset age was 6.5 years earlier with severe 
ABCG2 dysfunction. The gout risk is markedly increased in the 
younger generation having ABCG2 dysfunction. The ORs in the 
youngest onset-age group (onset age £ twenties) with severe, mod- 
erate and mild dysfunction were 22.2, 15.3 and 6.47, respectively 
(Fig. 2). These risks were considerably higher than those of all gout 
patients, conferring ORs of 9.98, 4.71 and 2.74, respectively (Fig. 2). 
Thus, ABCG2 dysfunction remarkably increases the risk of gout, 
especially for younger age-onset groups. In addition, mild to severe 
ABCG2 dysfunction was detected in up to 88.2% of early-onset gout 
patients, against 49.8% in controls. Our overall results clearly show 
that common dysfunction of ABCG2 is a major cause of early-onset 
gout. 

Because early-onset gout will compromise patients' quality of life 
(QOL) for a long time and require huge life-long medical costs 38 , 
early screening for ABCG2 dysfunction and appropriate interven- 
tions will greatly benefit high-risk individuals. Moreover, risk assess- 
ment by genotyping of only two SNPs will provide a very cost- 
effective method for screening and personalized medicine including 
adequate prevention and effective therapy. Therefore, our findings 
will serve to improve the QOL of high-risk individuals and reduce 
health-care costs, which also promote public health and preventive 
medicine. 

Methods 

Study participants. All procedures were carried out in accordance with the standards 
of the institutional ethical committees involved in this project and the Declaration of 
Helsinki. Informed consent in writing was obtained from each subject participating in 
this study. Genotyping was performed in 2,592 male Japanese (705 gout cases and 
1,887 controls). All cases were clinically diagnosed as primary gout according to the 
criteria established by the American College of Rheumatology 39 at the gout clinics of 
either Jikei University Hospital (Tokyo, Japan) or Midorigaoka Hospital (Osaka, 
Japan). Patients with inherited metabolism disorders including Lesch-Nyhan 
syndrome were excluded beforehand, and onset age data were available in all cases. As 
control, 1,887 individuals were assigned from Japanese male health examinees with 
normal SUA 7.0 mg/dl) and no gout history. 

Genetic analysis. Genomic DNA was extracted from whole peripheral blood cells 40 . 
Genotyping of Q126X(rs72552713)andQ141K(rs2231142) in ABCG2 gene by high- 
resolution melting (HRM) analysis was performed with a LightCycler 480 (Roche 
Diagnostics) 41 . To confirm their genotypes, more than one hundred samples 
including all genotype combinations identified by HRM were subjected to direct 
sequencing. DNA sequencing analysis was performed with a 3 130x1 Genetic Analyzer 
(Applied Biosystems) 23 . ABCG2 genotype combinations were divided into four 
functional groups on the basis of the estimated ABCG2 transport functions 16 ; i.e. full 
function, 3/4 function (mild dysfunction), 1/2 function (moderate dysfunction) and 
^ 1/4 function (severe dysfunction) as shown in Table 1. 

Statistical analysis. For all calculations in the statistical analysis, the software SPSS v. 
16.0J (IBM Japan Inc., Tokyo, Japan) and JMP 10.0.0 (SAS Institute Japan Inc., Tokyo, 
Japan) were used. Logistic regression analysis was performed to estimate adjusted 
genetic effects. Cox regression analysis was conducted to obtain adjusted P value for 
onset age. These regression analyses were corrected by body-mass index (BMI). 
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